










































































































































IUCN	 	 	 International	Union	for	the	Conservation	of	Nature	
GE	 	 	 Google	Earth	
GR	 	 	 Game	reserve	
HPD	 	 	 Human	population	density	
HWC	 	 	 Human-wildlife	conflict		
LULC	 	 	 Land	use	land	cover	
NP	 	 	 National	park	
NR	 	 	 National	reserve	
NCA	 	 	 Ngorongoro	Conservation	Area	
NDVI	 	 	 Normalized	difference	vegetation	index	
PsA	 	 	 Pseudo-absence	data	
PA	 	 	 Protected	area	
RF	 	 	 Random	forest	 	
SDM	 	 	 Species	distribution	modeling	
TRI	 	 	 Terrain	ruggedness	index	
Directions	and	distances	
km	 	 	 Kilometer	
m	 	 	 Meter		
NE	 	 	 Northeast	
NW	 	 	 Northwest	
SE	 	 	 Southeast	










Coyote	 	 	 Canis	latrans	
Black-backed	jackal		 Canis	mesomelas	
Elk		 	 	 Cervus	canadensis	
Gray	wolf		 	 Canis	lupus	
Maned	wolf		 	 Chrysocyon	brachyurus		















Lion	 	 	 Panthera	leo	
Jaguar	 	 	 Panthera	onca	
Leopard	 	 Panthera	pardus	
































































































































































































































































































































































































































































































































































30 m 10 (2) 83.5% 
(83.1%) 
GLC-SHARE 























et al. 2011 
MERIS FR  2009 300 m 22 (5) 58% 
MODIS MCD12 






























by	country	after	filling	No	Data	holes.		Country	 %	Natural	 %	Anthropogenic	 %	No	Data	Burundi	 14.01	 85.99	 1.92	Kenya	 82.65	 17.35	 1.37	Rwanda	 17.73	 82.27	 0.13	Tanzania	 68.44	 31.56	 5.12	Uganda	 56.54	 43.46	 3.74	East	Africa	 70.23	 29.77	 3.74		
Table	3.3		 Agreement	between	GE	Grids’	classification	of	anthropogenic	land	
cover	and	a	range	of	thresholded	human	population	density	values	for	Tanzania.	








GE	Grids	v.	Dataset	 Africover	 GlobeLand	30	 GLC-SHARE	 GlobCover	(+)	 GlobCover	(-)	 MCD12	(+)	 MCD12	(-)	Natural-Natural	 64.67	 69.84	 70.57	 58.63	 69.01	 67.80	 71.25	Converted-Converted	 22.96	 17.05	 12.38	 15.12	 3.79	 8.08	 1.20	Natural-Converted	 7.28	 2.11	 1.38	 13.32	 2.94	 4.15	 0.70	Converted-Natural	 5.09	 11.00	 15.67	 12.93	 24.26	 19.97	 26.85	Total	%	Agreement	 87.63	 86.88	 82.95	 73.75	 72.79	 75.88	 72.45	Unweighted	Kappa	Statistic	 0.734	 0.692	 0.585	 0.444	 0.304	 0.408	 0.255		A	spatial	comparison	between	the	GE	Grids’	classification	and	comparative	products	suggests	that	all	global	datasets	had	difficulty	identifying	development	in	southeastern	Burundi	and	coastal	regions	of	Kenya	and	Tanzania	(Figure	3.5).	On	a	per	country	basis,	Burundi	had	the	lowest	rate	of	agreement	from	all	comparative	products	with	GE	Grids,	while	Kenya	had	the	highest	(Table	3.5).			
Table	3.5		 Percent	agreement	between	GE	Grids	and	each	comparative	land	
cover	product	analyzed	per	country.		































































































































Alexandra	Sutton	 	Vicinity	of	Masai	Mara	NR,	Kenya	 3	 Sightings	 GPS	coordinates	
Amy	Dickman	 Vicinity	of	Ruaha	NP,	Tanzania	 292	 Sightings	 GPS	coordinates	
Asgar	Pathan	 Tsavo	NP,	Kenya	 5	 Sightings	 GPS	coordinates	
Cherie	Schroff	 Tsavo	NP,	Kenya	 47	 Sightings	 GPS	coordinates	
Elena	Chelysheva	 Masai	Mara	NR,	Kenya	 138	 Sightings	 KMZ	file	















Mary	Wykstra	 Kenya		 2,739	 Telemetry,	sightings	 GPS	coordinates	
Michael	Mbithi	 Athi-Kapiti,	Kenya	 81	 Sightings	 KMZ	file	
Northern	
Rangelands	Trust		 Kenya	 2,267	 Sightings	 GPS	coordinates	
Paul	Schuette	 southern	Kenya	 10	 Sightings,	camera	traps	 GPS	coordinates	
Phillip	Henschel	 Tsavo	NP,	Kenya	 56	 Transects	 Presence	grid	cells	






individuals	 Tanzania,	Kenya	 3	 Sightings	 GPS	coordinates	






















Wet	season,	April,	NDVI	averaged	over	5	years	(NDVIwet)	 MODIS	NDVI	 5849;	1864	 -2000,	9857	 250	m	Dry	season,	August,	NDVI	averaged	over	5	years	(NDVIdry)	 MODIS	NDVI	 3966;	1800	 -2000,	9802	 250	m	NDVI	value	in	standard	deviations	away	from	the	mean,	assessed	per	land	cover	type	(NDVI	Stdv	dry)	 MODIS	NDVI	 -0.04;	0.99	0;	1	 -7.45,	6.29	-3.39,	8.77	 250	m	
Soil	nutrients	
Organic	carbon	content	(tons/ha)	(Soil	
Carbon)	 ISRIC-WISE	 136;	71	 0,	1594	 1	km	Cation	exchange	capacity	(cmolc/kg)	(Soil	CEC)	 ISRIC-WISE	 19;	8	 4,	96	 1	km	Soil	taxonomy	(USDA	classification)	 ISRIC-WISE	 	 12	classes	 1	km	
Rainfall		
Annual	precipitation	(mm)	(Precip)	 WorldClim;	Bio	12	 872;	343	 173,	2599	 30	arc	second	Rainfall	seasonality	(higher	values	indicate	greater	seasonality)		 WorldClim;	Bio	15	 81;	24	 26,	141	 30	arc	second	Dry	season	rainfall	(mm)	(Precip	dry)	 WorldClim;	Bio	17	 40;	53	 0,	389	 30	arc	second	Temperature	 Mean	annual	temperature	(°C)	(MAT)	 WorldClim;	Bio	1	 22.9;	3	 -4.0,	29.6	 30	arc	second	
Elevation	 Elevation	(m)	(Elev)	 SRTM	 981;	546	 -1,	5842	 250	m	Slope	(%)		 SRTM	 1.8;	2.8	 0,	44.5	 250	m	Terrain	Ruggedness	Index	(TRI)	 SRTM	 204;	175	 0,	2527	 250	m		
Water	 Distance	to	river	and	lake	(m)	 WWF	hydrosheds	&	Africover	(water)	 13722;	10257	 0,	56732	 NA	Human	population	density	 Human	population	density	in	2015	(people/km2)	(HPD)	 WorldPop		 71.6;	57.9	 0,	2217	 100	m	Human	land	cover		 Percent	human	land	cover		(%	Human	LC)	 GE	Grids	 0.30;	0.40	 0,	1	 0.01	degree	
Human	pressure	
Human	pressure	derived	from	human	population	density	and	roads	using	an	inverse	distance-weighted	cost	surface	(Human	impact)	

























































MAT	(6km)	 1.00	 MAT	(12km)	 1.00	 NDVI	wet		 1.00	
NDVI	dry	(3km)	 0.99	 %	Human	LC	(12km)	 0.95	 Soil	Carbon	(12km)	 0.89	
%	Human	LC	(12km)	 0.98	 NDVI	dry	(3km)	 0.81	 Bio	17	(12km)	 0.86	
NDVI	wet	(3km)	 0.71	 NDVI	wet	(6km)	 0.72	 Elevation		 0.84	
HPD	(6k)	 0.59	 HPD	(6km)	 0.53	 NDVI	dry	(12km)	 0.76	
Soil	Carbon	(12km)	 0.50	 Soil	Carbon	(12km)	 0.53	 Soil	CEC	(6km)	 0.65	
Soil	CEC	(12km)	 0.49	 Soil	CEC	(12km)	 0.49	 HPD	(12km)	 0.49	






Precip	(12km)	 1.00	 %	Human	LC	(12km)	 1.00	
%	Human	LC	(12km)	 0.93	 MAT	(12km)	 0.88	
NDVI	StDv	dry	(12km)	 0.57	 NDVI	dry	(3km)	 0.75	
MAT	(12km)	 0.50	 HPD	(6km)	 0.66	
Precip	dry	(12km)	 0.48	 NDVI	wet		 0.65	
HPD	(12km)	 0.47	 Precip	dry	(12km)	 0.64	
Soil	Carbon	(12km)	 0.46	 Soil	Carbon	(12km)	 0.60	
























    Historical	 0.987	 0.92	–	0.95	
   Resident	 0.422	 0.439	 0.75	–	0.86	
  Extirpated	 0.755	 0.73	 0.394	 0.95	–	0.99	





		 Boyce	±	SD	 AUC	±	SD	 OOB	±	SD	
Full	 0.89	±	0.01	 0.98	±	0.00	 0.15	±	0.02	
Historical	 0.89	±	0.01	 0.98	±	0.00	 0.15	±	0.01	
Resident	 0.89	±	0.01	 0.96	±	0.01	 0.35	±	0.02	
Extirpated	 0.88	±	0.01	 0.99	±	0.00	 0.05	±	0.01	











Full	 0.62	±	0.26	 0.11	±	0.13	 0.091	±	0.11	
Historical	 0.61	±	0.26	 0.11	±	0.13	 0.102	±	0.11	
Resident	 0.42	±	0.20	 0.36	±	0.10	 0.338	±	0.09	
Extirpated	 0.81	±	0.26	 0.11	±	0.17	 0.116	±	0.16	







































































































Mara	NR,	Kenya	 3	 2	 2	 7	 Sightings	 GPS	coordinates	
Amy	Dickman	 Vicinity	of	Ruaha	NP,	Tanzania	 292	 36	 	 2,211	 Sightings	 GPS	coordinates	
Andimile	
Martin	 western	Tanzania	 	 2	 4	 4	
Spoor	and	
scat	 GPS	coordinates	
Asgar	Pathan	 Tsavo	NP,	Kenya	 5	 	  	 Sightings	 GPS	coordinates	
Bernard	Kissui	 northern	Tanzania	 	   1,396	
Telemetry,	
sightings	 GPS	coordinates	


































1	 	 264	 Sightings	 GPS	coordinates	
Henry	Brink	 Selous	GR,	Tanzania	 	 32	 	 309	 Sightings	 GPS	coordinates	
Individual	





5	 2	 106	 62	 Conflict	records	 GPS	coordinates	
IUCN	records	



























Mary	Wykstra	 Kenya		 2,739	 	  	
Telemetry,	
sightings	 GPS	coordinates	
Maurus	Msuha	 Tarangire	NP,	Tanzania	 	   18	
Camera	
traps	 GPS	coordinates	
Michael	Mbithi	 Athi-Kapiti,	Kenya	 81	 	  	 Sightings	 KMZ	file	
Mwangi	






Kenya	 2,267	 420	 	 	 Sightings	 GPS	coordinates	





Paulo	Wilfred	 Ugalla	GR,	Tanzania	  2	 	 	 Sightings	 GPS	coordinates	
Phillip	





NP,	Kenya	 	   2,193	 Telemetry	 GPS	coordinates	
Rosie	











3,489	 	  45	 Sightings	 GPS	coordinates	


















Uganda	 	   608	 Sightings	 GPS	coordinates	









Cheetah	 	1,576,891	(93%)		 	245,516	(16%)		 	680,947	(43%)		
Wild	dog	 	1,675,029	(98%)		 	341,922	(20%)		 	795,175	(47%)		
Leopard	 	1,702,850	(100%)		 	1,042,312	(61%)		 	369,434	(22%)		

















































































Cheetah	 Full	 0.62	±	0.26	 0.11	±	0.13	 0.09	±	0.11	 0.24	±	0.25	
	
Extirpated	 0.81	±	0.26	 0.11	±	0.17	 0.12	±	0.16	 0.4	±	0.39	
	
Extinct	Suitability	 0.21	±	0.18	 0.61	±	0.11	 0.54	±	0.14	 NA	
Dog	 Full	 0.56	±	0.20	 0.22	±	0.19	 0.16	±	0.12	 0.31	±	0.25	
	
Extirpated	 0.78	±	0.24	 0.2	±	0.23	 0.1	±	0.14	 0.48	±	0.36	
	
Extinct	Suitability	 0.22	±	0.17	 0.6	±	0.11	 0.61	±	0.85	 NA	
Leopard	 Full	 0.42	±	0.22	 0.21	±	0.16	 NA	 0.36	±	0.22	
	
Extirpated	 0.63	±	0.31	 0.19	±	0.2	 NA	 0.5	±	0.34	
	
Extinct	Suitability	 0.26	±	0.19	 0.64	±	0.14	 NA	 NA 
Lion	 Full	 0.49	±	0.25	 0.17	±	0.16	 0.47	±	0.07	 0.27	±	0.25	
	
Extirpated	 0.81	±	0.26	 0.15	±	0.18	 0.72	±	0.14	 0.4	±	0.37	
	

























Extirpated	 0.77	 0.95-0.99	 		
	 	 	
	
Ext	Suit	 -0.60	 -0.92	 0.81-0.87	
	 	 	Dog	 Full	 0.46	 0.32	 -0.30	 0.86-0.94	
	 	
	
Extirpated	 0.67	 0.85	 -0.88	 0.59	 0.96-0.98	
	
	
Ext	Suit	 -0.55	 -0.86	 0.74	 -0.33	 -0.90	 0.79-0.87	
Leopard	 Full	 0.23	 -0.05	 0.12	 0.60	 0.14	 0.10	
	
Extirpated	 0.34	 0.19	 -0.18	 0.77	 0.48	 -0.21	
	
Ext	Suit	 -0.45	 -0.46	 0.49	 -0.65	 -0.69	 0.53	
Lion	 Full	 0.58	 0.35	 -0.26	 0.79	 0.51	 -0.28	
	
Extirpated	 0.51	 0.47	 -0.49	 0.80	 0.73	 -0.55	
	
Ext	Suit	 -0.45	 -0.66	 0.73	 -0.55	 -0.86	 0.81	
		 		 Leopard	 		 		 Lion	 		 		
	
































Extirpated	 0.77	 0.93-0.97	 		
	 	 	
	
Ext	Suit	 -0.44	 -0.81	 0.79-0.86	
	 	 	Lion	 Full	 0.69	 0.78	 -0.60	 0.91-0.94	
	 	
	
Extirpated	 0.52	 0.79	 -0.77	 0.80	 0.96-0.98	
	
	



























		 		 Boyce	Index	 AUC	
Out	of	bag	
error	
Cheetah	 Full		 0.89	±	0.01	 0.98	±	0.00	 0.15	±	0.02	
	
Extirpated	 0.88	±	0.01	 0.99	±	0.00	 0.05	±	0.01	
	
Extinct	Suitability	 0.86	±	0.01	 0.82	±	0.01	 0.32	±	0.01	
Wild	dog	 Full		 0.87	±	0.01	 0.99	±	0.00	 0.23	±	0.01	
	
Extirpated	 0.89	±	0.01	 0.99	±	0.00	 0.11	±	0.01	
	
Extinct	Suitability	 0.85	±	0.01	 0.81	±	0.01	 0.34	±	0.03	
Lion	 Full		 0.88	±	0.00	 0.99	±	0.00	 0.17	±	0.01	
	
Extirpated	 0.89	±	0.01	 0.99	±	0.00	 0.08	±	0.01	
	
Extinct	Suitability	 0.86	±	0.01	 0.81	±	0.01	 0.34	±	0.02	
Leopard	 Full		 0.86	±	0.01	 0.98	±	0.01	 0.28	±	0.02	
	
Extirpated	 0.87	±	0.01	 0.99	±	0.00	 0.12	±	0.01	
	
Extinct	Suitability	 0.86	±	0.02	 0.87	±	0.01	 0.28	±	0.01	










Full Rank P	Rank Extirpated Rank P	Rank Extinct	Suitability Rank P	Rank
MAT	(6km) 1 1 Precip	(12km) 1 0.88 Precip	(12km) 1 0.90
%	Human	LC	(12km) 0.91 0.84 %	Human	LC	(12km) 0.91 1 %	Human	LC	(12km) 0.78 1
NDVI	dry	(3km) 0.90 0.96 NDVI	StDv	dry	(12km) 0.56 0.30 HPD	(12km) 0.65 0.53
NDVI	wet	(3km) 0.72 0.81 MAT	(12km) 0.48 0.16 Human	Impact 0.58 0.37
HPD	(6km) 0.57 0.53 Precip	dry	season	(12km) 0.46 0.19 Soil	Carbon	(12km) 0.53 0.37
Soil	Carbon	(12km) 0.52 0.38 HPD	(12km) 0.46 0.44 Precip	seasonality	(12km) 0.43 -0.09
Soil	CEC	(12km) 0.49 0.30 Soil	Carbon	(12km) 0.42 0.14 NDVI	StDv	dry	(12km) 0.41 0.15
Precip	dry	season	(12km) 0.48 0.16 Human	Impact 0.27 0.12 MAT	(3km) 0.41 0.14
Full Rank P	Rank Extirpated Rank P	Rank Extinct	Suitability Rank P	Rank
%	Human	LC	(12km) 1 1 %	Human	LC	(12km) 1 1 HPD	(12km) 1 0.91
MAT	(12km) 0.97 0.59 NDVI	dry	(12km) 0.73 0.41 Precip	(12km) 0.92 0.71
Precip	(12km) 0.86 0.76 MAT	(12km) 0.71 0.24 %	Human	LC	(12km) 0.88 1
Precip	seasonality	(6km) 0.64 0.23 Soil	CEC	(12km) 0.64 0.32 NDVI	StDv	dry	(12km) 0.75 0.55
HPD	(12km) 0.63 0.46 HPD	(12km) 0.61 0.65 Precip	seasonality	(12km) 0.68 0.44
NDVI	StDv	dry	(12km) 0.56 0.31 Precip	seasonality	(12km) 0.53 0.19 Human	Impact 0.63 0.34
TRI	(500m) 0.41 0.10 Human	Impact 0.51 0.49 MAT	(12km) 0.46 0.07
Soil	Carbon	(12km) 0.37 0.32 NDVI	wet	(500m) 0.34 0.22 Soil	Carbon	(12km) 0.37 0.15
Full Rank P	Rank Extirpated Rank P	Rank Extinct	Suitability Rank P	Rank
HPD	(6km) 1 1 %	Human	LC	(12km) 1 1 %	Human	LC	(12km) 1 1
%	Human	LC	(12km) 0.87 0.76 Precip	(6km) 0.58 0.48 Precip	(12km) 0.73 -0.01
Precip	seasonality	(12km) 0.84 0.39 Soil	CEC	(12km) 0.51 0.29 HPD	(12km) 0.70 0.62
Precip	(6km) 0.71 0.61 MAT	(12km) 0.51 0.31 MAT	(3km) 0.63 -0.04
MAT	(12km) 0.65 0.43 Precip	seasonality	(6km) 0.46 0.18 Precip	seasonality	(12km) 0.57 0.13
Soil	Carbon	(6km) 0.42 0.53 HPD	(12km) 0.45 0.38 Human	Impact 0.52 0.43
NDVI	StDv	wet	(12km) 0.42 0.25 Soil	Carbon	(12km) 0.26 0.15 Soil	CEC	(12km) 0.47 -0.02
Human	Impact 0.22 0.14 Human	Impact 0.25 0.08 NDVI	StDv	wet	(12km) 0.35 0.27
Full Rank P	Rank Extirpated Rank P	Rank Extinct	Suitability Rank P	Rank
Precip	(3km) 1 0.86 %	Human	LC	(12km) 1 1 %	Human	LC	(12km) 1 1
%	Human	LC	(12km) 0.86 1 MAT	(12km) 0.70 0.24 Precip	dry	season	(12km) 0.73 0.47
MAT	(6km) 0.85 0.36 HPD	(12km) 0.55 0.54 HPD	(12km) 0.73 0.64
HPD	(12km) 0.68 0.79 NDVI	dry	(500m) 0.49 0.19 NDVI	StDv	dry	(12km) 0.51 0.22
Precip	seasonality	(6km) 0.50 0.09 Soil	Carbon	(12km) 0.44 0.20 Human	Impact 0.47 0.31
Soil	CEC	(12km) 0.48 0.24 NDVI	wet	(12km) 0.43 0.21 Precip	seasonality	(3km) 0.36 0.06
NDVI	StDv	dry	(3km) 0.45 0.17 Precip	seasonality	(6km) 0.41 0.10 MAT	(12km) 0.22 -0.01






















































































































































































































Full	 Rank	 Extirpated	 Rank	 Extinct	Suitability	 Rank	
MAT	(6km)	 1.00	 Precip	(12km)	 1	 Precip	(12km)	 1	
NDVI	dry	(3km)	 0.96	 %	Human	LC	(12km)	 0.79	 %	Human	LC	(12km)	 0.78	
%	Human	LC	(12km)	 0.88	 NDVI	StDv	dry	(12km)	 0.59	 HPD	(12km)	 0.65	
Distance	to	PA	 0.87	 Distance	to	PA	 0.58	 Human	Impact	 0.58	
NDVI	wet	(3km)	 0.81	 MAT	(12km)	 0.42	 MAT	(3km)	 0.53	
Soil	Carbon	(12km)	 0.53	 HPD	(12km)	 0.42	 Soil	Carbon	(12km)	 0.43	
HPD	(6km)	 0.49	 Soil	Carbon	(12km)	 0.41	 Precip	seasonality	(12km)	 0.41	




Full	 Rank	 Extirpated	 Rank	 Extinct	Suitability	 Rank	
%	Human	LC	(12km)	 1.00	 Distance	to	PA	 1.00	 Precip	(12km)	 1	
MAT	(3km)	 0.95	 %	Human	LC	(12km)	 0.96	 HPD	(12km)	 0.79	
Precip	(12km)	 0.84	 MAT	(12km)	 0.81	 %	Human	LC	(12km)	 0.74	
HPD	(12km)	 0.63	 Precip	(3km)	 0.75	 NDVI	StDv	dry	(12k)m	 0.68	
NDVI	StDv	dry	(12km)	 0.61	 NDVI	StDv	dry	(12km)	 0.72	 Human	Impact	 0.59	
Precip	seasonality	(6km)	 0.59	 HPD	(12km)	 0.60	 Precip	seasonality	(12km)	 0.48	
TRI	(500m)	 0.40	 Human	Impact	 0.57	 MAT	(12km)	 0.34	
Soil	Carbon	(12km)	 0.37	 Precip	seasonality	(12km)	 0.54	 Distance	to	PA	 0.33	
Leopard			
Full	 Rank	 Extirpated	 Rank	 Extinct	Suitability	 Rank	
Distance	to	PA	 1.00	 Distance	to	PA	 1.00	 %	Human	LC	(12km)	 1	
Precip	seasonality	(12km)	 0.63	 %	Human	LC	(12km)	 0.81	 Distance	to	PA	 0.89	
HPD	(6km)	 0.55	 MAT	(12km)	 0.45	 HPD	(12km)	 0.76	
%	Human	LC	(12km)	 0.51	 Precip	(6km)	 0.45	 Precip	(12km)	 0.72	
Precip	(6km)	 0.49	 Precip	seasonality	(6km)	 0.40	 Precip	seasonality	(12km)	 0.70	
MAT	(12km)	 0.48	 HPD	(12km)	 0.31	 MAT	(3km)	 0.65	
Soil	Carbon	(6km)	 0.30	 Human	Impact	 0.27	 Human	Impact	 0.52	
NDVI	StDv	dry	(3km)	 0.29	 Soil	Carbon	(12km)	 0.24	 Soil	CEC	(12km)	 0.51	
Lion	
Full	 Rank	 Extirpated	 Rank	 Extinct	Suitability	 Rank	
Distance	to	PA	 1	 Distance	to	PA	 1	 %	Human	LC	(12km)	 1	
Precip	(3km)	 0.74	 %	Human	LC	(12km)	 0.93	 Precip	dry	season	(12km)	 0.77	
MAT	(6km)	 0.72	 MAT	(12km)	 0.82	 HPD	(12km)	 0.59	
%	Human	LC	(12km)	 0.55	 NDVI	dry	(500m)	 0.57	 Human	Impact	 0.43	
Precip	seasonality	(6km)	 0.41	 HPD	(12km)	 0.55	 NDVI	StDv	dry	(12km)	 0.41	
HPD	(12km)	 0.38	 NDVI	wet	(12km)	 0.51	 Distance	to	PA	 0.35	
NDVI	StDv	dry	(3km)	 0.35	 Precip	seasonality	(6km)	 0.43	 Precip	(3km)	 0.34	
























Option	 Boyce	Index	 AUC	 Out	of	bag	error	
Cheetah	 Original	 Full		 0.885	±	0.014	 0.987	±	0.003	 0.153	±	0.018	
	  




Full		 0.873	±	0.007	 	0.985	±	0.004		 0.149	±	0.012	
	
Extirpated	 0.891	±	0.011	 	0.999	±	0.001		 0.049	±	0.005	
Wild	dog	 Original	 Full		 0.873	±	0.008	 0.988	±	0.002	 0.226	±	0.009	
	  




Full		 0.866	±	0.006	 	0.986	±	0.004		 0.232	±	0.018	
	
Extirpated	 0.879	±	0.011	 	0.997	±	0.001		 0.102	±	0.007	
Lion	 Original	 Full		 0.879	±	0.004	 0.987	±	0.003	 0.174	±	0.011	
	  




Full		 0.885	±	0.008	 	0.99	±	0.003		 0.156	±	0.011	
	
Extirpated	 0.891	±	0.01	 	0.999	±	0.001		 0.061	±	0.004	
Leopard	 Original	 Full		 0.859	±	0.007	 0.983	±	0.006	 0.275	±	0.023	
	  




Full		 0.866	±	0.005	 	0.98	±	0.005		 0.261	±	0.021	
	























































































































































































































































































Variable	(category)	 Variable	(specific)	 Source	 Mean;		std	dev	 Range	 Original	resolution	
Bioclimatic	
April	(wet	season)	NDVI	averaged	from	2008-2012		 MODIS	NDVI	 5,336;	1,556	 9,820	–		-2,000	 250	m	August	(dry	season)	NDVI	averaged	from	2008-2012		 MODIS	NDVI	 2,829;	1,355	 8,592	–		-1,977	 250	m	Elevation	 SRTM	 1353,	406	 4905	-	703	 250	m	Terrain	Ruggedness	Index	 SRTM	 260,	199	 1,712	-	0	 250	m		Distance	to	river	and	lake	(m)	 WWF	hydrosheds	&	Africover	(water)	 1,709;	1,420	 9,397	-	0	 NA	Percent	tree	cover	2010	 MODIS	VCF	 8;	15	 86	-	0	 250	
Human	disturbance	










































































All	boma	events 33.87	±	1.45 31.24	±	2.22 4.56	±	0.49 1.05	±	0.47 0.17	±	0.15 0.26	±	0.11 0.04	±	0.03 8.88	±	2.3




…	at	boma 15.5	±	2.69 28.43	±	3.53 8.89	±	1.83 10.55	±	2.28 0.11	±	0.14 18.24	±	3.33




…	Only	hyena 4.16	±	1.41* 53.01	±	3.56 4.48	±	1.56 0.09	±	0.14 0.08	±	0.24 6.98	±	1.52
…	Only	leopard 3	±	1.04 56.49	±	3.29 5.86	±	1.46 7.79	±	3.03 2.28	±	1.42 2.01	±	1.21




…	in	dry	season 4.76	±	1.57 44.23	±	2.1 8.6	±	1.82 0.06	±	0.1 0.29	±	0.42 0	±	0




…	on	cattle 23.39	±	6.68 6.16	±	7.85 4.46	±	2.48 0.38	±	0.53 8.92	±	6.29 5.44	±	2.58




…		at	clipped	extent 5.08	±	2.81 69.02	±	5.05 0.09	±	0.17* 1.94	±	1.32* 6.14	±	3.25 3.38	±	1.43
…	at	expanded	extent	(25	km) 3.27	±	1.92 58.78	±	3.52 0.46	±	0.5 1.92	±	0.87* 3.31	±	1.38 0.88	±	0.19




























All	boma	events 7.27	±	1.22 0.01	±	0.05 10.63	±	1.01 0.58	±	0.35 0.06	±	0.06 0.29	±	0.18




…	at	boma 0.52	±	0.68 2.41	±	1.18 5.22	±	1.19 1.56	±	0.87 0.88	±	0.61 1.11	±	1.19




…	Only	hyena 3.75	±	1.54 3.02	±	0.96 10.13	±	1.39 4.75	±	1.35 0.08	±	0.25* 9.38	±	1.97
…	Only	leopard 10.14	±	1.77 2.26	±	1.31 3.78	±	0.63 3.13	±	0.88 0.13	±	0.21*^ 3.14	±	2.33*




…	in	dry	season 0.76	±	0.73 0.01	±	0.05 35.2	±	2.7 0	±	0 0.44	±	0.4 5.31	±	1.24




…	on	cattle 4.63	±	2.95 19.81	±	3.65 14.05	±	2.58 4.01	±	1.58* 5.71	±	2.37 2.24	±	1.78




…		at	clipped	extent 1.94	±	1.07 0.24	±	1.34*^ 10.1	±	2.54 0.2	±	0.39 0.37	±	1.25* 0.61	±	0.67*
…	at	expanded	extent	(25	km) 0.74	±	0.42 0.61	±	1.59* 26.35	±	2.33 0.5	±	0.69 0.54	±	1.63* 2.13	±	0.69

















	Comparison	1A:	Location	 All	boma	 All	pasture	 	All	boma	events	 0.99	±	0.00	 	 	All	pasture	events	 0.69	 0.99	±	0.00	 	Comparison	1B:	Location	 …	at	boma	 …	at	pasture	 	Hyena	attacks	in	wet	season	on	cattle...		 	 	 	…	at	boma	 0.98	±	0.02	 	 	…	at	pasture	 0.38	 0.95	±	0.05	 		
Comparison	2:	Predator	 Only	hyena	 Only	leopard	 Only	lion	Attacks	at	pasture	in	wet	season	on	all	livestock	by…		 	 	 	…	Only	hyena	 0.98	±	0.01	 	 	…	Only	leopard	 0.7	 0.99	±	0.01	 	…	Only	lion	 0.79	 0.68	 0.98	±	0.01	











	 	…	at	pasture	 0.66	 		 		




















































































































All	attack 559 0.79 0.79	±	0.03 25.84	±	1.1 34.1	±	1.28 5.6	±	0.64 3.14	±	0.76 0.56	±	0.29 0.23	±	0.12 0.06	±	0.04
Boma 357 0.84 0.84	±	0.03 33.87	±	1.45 31.24	±	2.22 4.56	±	0.49 1.05	±	0.47 0.17	±	0.15 0.26	±	0.11 0.04	±	0.03
Pasture 224 0.76 0.73	±	0.04 9.22	±	1.14 52.89	±	2.52 8.7	±	1.41 8.76	±	1.74 1.48	±	0.6 0.69	±	0.28 0.23	±	0.15
Comparison	1B:	Location
Hyena	attacks	in	wet	season	
on	cattle	in	both	locations 62 0.82 0.77	±	0.09 13.06	±	1.9 19.07	±	2.82 11.09	±	1.89 5.41	±	1.12 1.05	±	0.51
…	at	boma 36 0.87 0.82	±	0.09 15.5	±	2.69 28.43	±	3.53 8.89	±	1.83 10.55	±	2.28 0.11	±	0.14




l ivestock 117 0.8 0.78	±	0.05 8.38	±	1.25 61.83	±	2.53 6.04	±	1.29 0.23	±	0.24 0.05	±	0.08
Hyena 64 0.79 0.75	±	0.08 4.16	±	1.41 53.01	±	3.56 4.48	±	1.56 0.09	±	0.14 0.08	±	0.24
Leopard 22 0.88 0.8	±	0.08 3	±	1.04 56.49	±	3.29 5.86	±	1.46 7.79	±	3.03 2.28	±	1.42
Lion 20 0.85 0.71	±	0.07 4.66	±	3.29 71.78	±	5.27 1.38	±	1.13 1.89	±	1.35 1.57	±	0.71
Comparison	3:	Season
Hyena	attacks	at	pasture	on	
shoats	in	both	seasons 77 0.79 0.75	±	0.07 5.71	±	1.45 52.46	±	3.16 8.71	±	1.53 7.33	±	2.56 1.18	±	0.73 0.4	±	0.34 0.45	±	0.62
…	in	dry	season 45 0.82 0.76	±	0.08 4.76	±	1.57 44.23	±	2.1 8.6	±	1.82 0.06	±	0.1 0.29	±	0.42
…	in	wet	season 35 0.82 0.78	±	0.08 0.62	±	0.32 62.3	±	3.77 3.24	±	1.34 0.07	±	0.19 0.1	±	0.13
Comparison	4:	Livestock
Hyena	attacks	at	pasture	in	
wet	season	on	all 	l ivestock 64 0.79 0.75	±	0.08 4.16	±	1.41 53.01	±	3.56 4.48	±	1.56 0.09	±	0.14 0.08	±	0.24
…	on	cattle 27 0.72 0.57	±	0.16 23.39	±	6.68 6.16	±	7.85 4.46	±	2.48 0.38	±	0.53 8.92	±	6.29
...	on	shoat 35 0.82 0.78	±	0.08 0.62	±	0.32 62.3	±	3.77 3.24	±	1.34 0.07	±	0.19 0.1	±	0.13
Comparison	5:	Background
Lion	attacks	at	pasture	in	
wet	season	on	cattle,	clip 17 0.85 NA 5.08	±	2.81 69.02	±	5.05 0.09	±	0.17 1.94	±	1.32 6.14	±	3.25
...,	expanded	(25	km) 17 0.88 NA 3.27	±	1.92 58.78	±	3.52 0.46	±	0.5 1.92	±	0.87 3.31	±	1.38






















All	attack 10.99	±	1.89 0.22	±	0.09 0	±	0 16.43	±	1.26 1.53	±	0.48 0	±	0 0.02	±	0.02
Boma 8.88	±	2.3 7.27	±	1.22 0.01	±	0.05 10.63	±	1.01 0.58	±	0.35 0.06	±	0.06 0.29	±	0.18
Pasture 0.23	±	0.3 2.5	±	0.62 0.28	±	0.22 12.57	±	1.39 0.82	±	0.44 0.31	±	0.2 1.29	±	0.5
Comparison	1B:	Location
Hyena	attacks	in	wet	season	
on	cattle	in	both	locations 29.5	±	3.94 0.97	±	0.43 7.32	±	1.46 7.13	±	0.96 2.13	±	1.01 1.21	±	0.85 0.57	±	0.74
…	at	boma 18.24	±	3.33 0.52	±	0.68 2.41	±	1.18 5.22	±	1.19 1.56	±	0.87 0.88	±	0.61 1.11	±	1.19




l ivestock 0.89	±	0.58 4.29	±	1 1.49	±	0.49 10.67	±	1 3.53	±	0.87 0.23	±	0.34 2.36	±	0.7
Hyena 6.98	±	1.52 3.75	±	1.54 3.02	±	0.96 10.13	±	1.39 4.75	±	1.35 0.08	±	0.25 9.38	±	1.97
Leopard 2.01	±	1.21 10.14	±	1.77 2.26	±	1.31 3.78	±	0.63 3.13	±	0.88 0.13	±	0.21 3.14	±	2.33
Lion 0.31	±	0.27 0.96	±	0.71 0.38	±	1 12.72	±	2.04 0.32	±	0.42 0.37	±	1.33 3.51	±	1.19
Comparison	3:	Season
Hyena	attacks	at	pasture	on	
shoats	in	both	seasons 0.11	±	0.12 2.53	±	0.81 0.08	±	0.11 14.17	±	2.77 0.38	±	0.23 0.41	±	0.26 6.04	±	1.27
…	in	dry	season 0	±	0 0.76	±	0.73 0.01	±	0.05 35.2	±	2.7 0	±	0 0.44	±	0.4 5.31	±	1.24
…	in	wet	season 7.32	±	2.05 3.13	±	1.18 1.39	±	0.41 8.02	±	1.18 3.96	±	1.29 0.75	±	0.76 9.01	±	1.71
Comparison	4:	Livestock
Hyena	attacks	at	pasture	in	
wet	season	on	all 	l ivestock 6.98	±	1.52 3.75	±	1.54 3.02	±	0.96 10.13	±	1.39 4.75	±	1.35 0.08	±	0.25 9.38	±	1.97
…	on	cattle 5.44	±	2.58 4.63	±	2.95 19.81	±	3.65 14.05	±	2.58 4.01	±	1.58 5.71	±	2.37 2.24	±	1.78
...	on	shoat 7.32	±	2.05 3.13	±	1.18 1.39	±	0.41 8.02	±	1.18 3.96	±	1.29 0.75	±	0.76 9.01	±	1.71
Comparison	5:	Background
Lion	attacks	at	pasture	in	
wet	season	on	cattle,	clip 3.38	±	1.43 1.94	±	1.07 0.24	±	1.34 10.1	±	2.54 0.2	±	0.39 0.37	±	1.25 0.61	±	0.67
...,	expanded	(25	km) 0.88	±	0.19 0.74	±	0.42 0.61	±	1.59 26.35	±	2.33 0.5	±	0.69 0.54	±	1.63 2.13	±	0.69































































































		 		 		 		
	Comparison	1A:	Location	 All	attacks	 All	boma	 All	pasture	
	All	events	 0.99	±	0.00	
	 	 	All	boma	events	 0.95	 0.99	±	0.00	







	 	 	…	at	boma	 0.96	 0.98	±	0.02	
	 	…	at	pasture	 0.56	 0.38	 0.95	±	0.05	 		
Comparison	2:	Predator	 …	all	predators	 Only	hyena	 Only	leopard	 Only	lion	
Attacks	at	pasture	in	wet	season	
on	all	livestock	by…	all	predators	 0.99	±	0.00	
	 	 	…	Only	hyena	 0.93	 0.98	±	0.01	
	 	…	Only	leopard	 0.75	 0.7	 0.99	±	0.01	






	 	 	…	in	dry	season	 0.86	 0.98	±	0.01	
	 	…	in	wet	season	 0.84	 0.62	 0.98	±	0.01	
	Comparison	4:	Livestock	 ...	all	livestock	 ...	on	cattle	 …	on	shoats	
	Hyena	attacks	at	pasture	in	wet	
season...	on	all	livestock	 0.98	±	0.01	
	 	 	…	on	only	cattle	 0.6	 0.95	±	0.05	
	 	...	on	only	shoat	 0.93	 0.42	 0.98	±	0.01	




	 	 	…	at	expanded	extent	(25	km)	 0.96	 0.98	±	0.01	
	 	...,	at	full	extent	(150	km)	 0.86	 0.89	 0.99	±	0.01	
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Part	2		 	 Risky	habitats	
	
Predation	theory	suggests	carnivores	will	select	for	areas	with	greater	hunting	success	rather	
than	prey	abundance	(Hopcraft,	Sinclair,	and	Packer	2005;	Balme,	Hunter,	and	Slotow	2007).	
When	analyzing	hunting	behavior,	stages	of	a	hunt	can	be	decomposed	and	different	
predictors	are	important	at	the	different	stages	(Hebblewhite,	Merrill,	and	Mcdonald	2005).	
For	instance,	features	at	the	landscape	level	may	enhance	predator/prey	encounters	while	
local	scale	terrain	or	vegetation	may	affect	the	chance	of	a	successful	attack.	Local	features	
that	affect	hunting	success	may	be	terrain	(i.e.	tributary	junctions,	gullies,	steep	slopes	etc.),	
biotic	(i.e.	vegetation	thickets,	woody	debris	etc.),	or	human-caused	(i.e.	fences,	roads	etc.)	
(Ripple	and	Beschta	2004;	Laundré,	Hernández,	and	Ripple	2010).	Thus,	at	the	local	scale,	
carnivores	select	for	‘risky’	habitats,	areas	where	wild	(and	presumably	domestic)	prey	is	
more	vulnerable,	and	predation	success	is	higher.		
Indeed,	a	number	of	depredation	risk	studies	have	found	that	livestock	are	attacked	in	dense	
vegetation	and	in	areas	with	short	sightlines	or	other	features	that	can	enhance	hunting	
success	(Shrader	et	al.	2008;	Kissling,	Fernández,	and	Paruelo	2009;	Davie	et	al.	2014;	Soh	et	
al.	2014;	Miller	et	al.	2015b).	However,	local	difference	predictors	(see	section	6.2.3	for	a	
description	of	how	these	were	produced)	allow	a	more	nuanced	approach	to	this	than	
previous	studies.	To	evaluate	if	depredation	events	are	more	likely	to	occur	in	risky	habitats,	
prey	vulnerability	is	expected	to	be	higher	in	areas	where	the	local	vegetation	is	denser	(for	
instance)	than	the	surrounding	area.	The	percent	tree	cover	predictor	relates	to	the	overall	
percentage	of	cover,	whereas	the	local	difference	of	this	predictor	assesses	if	there	is	greater	
(or	lesser)	vegetation	biomass	in	the	focal	cell	compared	to	the	local	neighborhood.	This	is	a	
closer	geospatial	representation	of	risky	habitat	(e.g.	a	locally	dense	thicket),	than	the	simple	
unmodified	variable.	Therefore,	response	curves	for	local	differences	of	wet	season	NDVI,	and	
percent	tree	cover	were	reviewed.	If	attacks	are	more	likely	in	risky	habitat,	then	a	higher	
probability	of	attack	is	expected	at	positive	values	(i.e.	greater	tree	cover	in	that	cell	
compared	to	the	local	neighborhood).		
I	investigated	the	response	curves	of	Comparison	1A	to	illustrate	the	value	of	this	approach.	
Probability	of	attack	increased	greatly	as	the	local	difference	predictors	for	tree	cover	and	
NDVI	increased	(Figure	6A.12).	As	percent	tree	cover	of	the	focal	cell	increased	relative	to	the	
surrounding	landscape,	probability	of	attack	rose	from	essentially	zero	to	one.	A	similar	but	
less	dramatic	increase	is	seen	for	wet	season	NDVI.	This	result	is	particularly	interesting	when	
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compared	to	the	response	curve	for	percent	tree	cover	overall	(Figure	6A.4).	For	percent	tree	
cover,	the	probability	of	attack	drops	quickly	towards	zero	as	tree	cover	approaches	20	-	30%.	
Thus,	attacks	are	almost	exclusively	occurring	in	the	more	open	landscapes	of	the	analysis	
extent.	However,	within	the	relatively	treeless	plains,	if	there	are	patches	of	denser	
vegetation,	then	those	areas	are	clearly	very	high-risk.		
A	corollary	to	this	is	that	the	local	difference	predictors	should	be	more	important	for	attacks	
at	pasture	than	at	boma.	Features	that	lead	to	a	successful	attack	at	boma	include	the	degree	
of	human	activity,	and	the	condition	and	features	of	the	boma	itself	(Ogada	et	al.	2003;	
Woodroffe	et	al.	2007).	Alternatively,	attacks	at	pasture	likely	rely	to	a	greater	extent	simply	
on	the	biophysical	predictors	of	the	landscape.	Indeed,	the	importance	of	the	local	difference	
of	both	variables	was	higher	at	pasture	than	at	boma	in	Comparison	1A.	
This	is	the	first	study	using	a	distribution	model	to	document	that	carnivore	attacks	on	
livestock	are	more	likely	in	habitats	with	denser	vegetation,	i.e.	risky	habitats.	Yet,	this	result	
is	preliminary	and	requires	more	investigation.	Jarnevich	et	al.	(2015)	cautions	that	
conclusions	from	correlative	distribution	models	should	be	treated	as	hypotheses	and	subject	
to	additional	scrutiny.	
	
Figure	6A.12	 Variation	in	response	curves	for	local	differences	of	A)	percent	tree	cover,	and	
B)	wet	season	NDVI	in	Comparison	1A.		
A.	
	
B.	
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Chapter	7:		 	 General	Discussion			This	thesis	addresses	some	challenges	and	provides	improved	frameworks	for	commonly	used	methods	to	study	wildlife	distribution	and	threats.	In	particular,	I	consider	issues	associated	with	identification	of	human	impacted	areas	and	the	use	of	species	distribution	modeling	(SDM).	In	Chapter	3,	I	develop	a	new	tool	that	enables	land	cover	classification	using	Google	Earth’s	high-resolution	imagery	data.	Identification	of	human	impacted	areas	in	heterogeneous	savannah	habitat	can	be	difficult	with	medium-resolution	earth	observation	data	and	traditional	classification	methods.	I	apply	this	tool	in	East	Africa	to	produce	a	new	data	set	of	human	impacted	areas,	and	compare	it	to	existing	land	cover	data	sets.	In	Chapter	4,	I	review	existing	methods	of	generating	pseudo-absence	(PsA)	data	for	use	in	discriminatory	SDM	approaches	from	an	ecological	standpoint	and	discuss	how	altering	the	generation	strategy	affects	the	modeling	question.	I	show	that	not	all	current	methods	have	ecological	justification.	I	also	develop	several	novel	PsA	selection	strategies	that	use	widely	available	data	on	species	distributions;	these	pose	different	and	potentially	useful	modeling	questions.	In	Chapter	5,	I	apply	the	lessons	from	the	previous	chapter	to	model	four	large	carnivore	distributions	in	East	Africa.	I	use	one	existing	and	two	PsA	selection	strategies	proposed	in	this	thesis	to	build	ecological	inferences	and	support	conclusions	regarding	several	hypotheses.	Results	show	that	human	land	cover	and	human	populations	are	both	contributors	to	shrinking	large	carnivore	range,	but	that	expanding	human	impacted	areas	are	a	greater	threat.	In	addition,	results	partially	support	the	prediction	that	carnivores	with	larger	home	ranges	are	more	sensitive	to	habitat	loss	than	those	with	smaller	home	ranges.	Modeling	results	also	demonstrate	that	using	PsA	drawn	from	a	species’	extirpated	range	is	particularly	useful	in	identifying	habitat	suitability	for	locations	with	sparse	data.	Finally,	I	also	apply	modeled	habitat	suitability	to	expert-derived	species	range	maps	for	conservation	purposes.	In	Chapter	6,	I	highlight	two	important	aspects	from	the	larger	SDM	literature	that	are	commonly	overlooked	when	applying	SDM	to	human-wildlife	conflict	(HWC)	data	to	create	spatial	risk	maps.	I	demonstrate	how	both	issues	can	affect	modeling	results	and	conclusions.	If	properly	considered	in	advance	of	modeling,	these	aspects	can	improve	the	identification	of	risk	factors	and	produce	more	informative	spatial	risk	models.		This	thesis	contributes	to	our	understanding	of	the	threats	that	large	carnivores	face,	and	to	the	approaches	that	may	be	most	effective	for	their	conservation,	by	exploring	species	distributions	in	relation	to	human	populations	and	improved	land	cover	data.	All	modeled	
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large	carnivore	species	showed	rapidly	decreasing	habitat	suitability	as	human	population	density	(HPD)	and	the	proportion	of	human	land	cover	increased	with	human	land	cover	a	more	important	predictor.	The	implication	of	these	results	is	that	expanding	agriculture	in	East	Africa	has	the	potential	to	greatly	diminish	remaining	large	carnivore	habitat.	Even	low	levels	of	land	conversion	(20-30%)	were	associated	with	reductions	in	carnivore	presence	probabilities	below	50%	(Figure	5.7).	My	results	show	that	cheetah,	lion,	and	wild	dog	are	most	strongly	impacted	(in	order	of	most	to	least	sensitive)	unless	conservation	efforts	are	implemented.	Leopards	are	not	immune	to	land	conversion	or	human	population	densities	either,	and	are	also	vulnerable.	This	thesis	highlights	the	importance	of	the	PA	network	for	large	carnivore	conservation	(Appendix	5A)	and	identifies	areas	outside	the	network	that	act	as	refuges	or	range	extension	(Appendix	5B).	In	addition,	I	identify	several	priority	areas	where	the	probability	of	continuing	large	carnivore	presence	for	all	species	is	high,	and	other	areas	where	populations	are	threatened.	This	can	help	prioritize	where	conservation	action	should	occur.		The	results	presented	here	suggest	that	for	large	carnivore	conservation,	land	use	plans	should	be	developed	for	East	Africa	that	concentrate	future	agricultural	and	urban	growth.	Pastoralism,	practiced	with	limited	levels	of	cultivation,	is	compatible	with	large	carnivore	conservation	particularly	when	practiced	in	conjunction	with	methods	to	minimize	HWC.	Pastoralism	should	be	prioritized	in	buffers	around	and	corridors	between	protected	areas	(PAs),	as	well	as	where	farming	is	marginal.	Policies	that	limit	subdivision	of	land	are	also	recommended.	These	conservation	recommendations	provide	a	way	for	East	African	communities	to	grow	while	limiting	their	impact	on	large	carnivore	persistence.			7.1	 Existing	challenges	to	common	methods	This	dissertation	aims	to	contribute	to	conservation	science	by	providing	improved	frameworks	for	common	methods	used	to	study	wildlife	distributions	and	threats,	with	examples	from	large	carnivores	in	East	Africa.	Unsurprisingly,	existing	methods	are	imperfect	and	face	many	challenges.	This	dissertation	specifically	addresses	three	of	these	challenges:		
• overcoming	the	difficulties	of	identifying	human	impacted	areas	from	earth	observation	data	is	a	critical	first	step	in	mapping	habitat	loss;	
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• determining	an	appropriate	strategy	for	generating	pseudo-absence	(PsA)	data.	This	is	vital	to	effective	discriminatory	SDM	but	there	is	no	clear	consensus	on	how	to	achieve	this	nor	on	the	ecological	meaning	of	the	various	approaches	in	use;		
• addressing	the	role	of	the	background	extent	and	standard	practice	in	framing	the	modeling	question	of	spatial	risk	using	discriminatory	distribution	models,	and	how	to	implement	these	in	practice.	Overall,	these	challenges	constrain	proper	assessment	of	the	threats	species’	face.	Recognizing	and	overcoming	these	challenges	will	improve	our	ability	to	prioritize	and	address	threats,	develop	effective	solutions,	and	ultimately	contribute	to	wildlife	persistence.					7.2	 Classification	of	croplands	and	urban	areas	in	East	Africa	Habitat	loss	is	an	important	driver	of	the	current	extinction	crisis	(Pimm	and	Raven	2000)	and	identification	of	human	impacted	areas	is	a	critical	first	step	in	mapping	habitat	loss.	Yet,	as	I	show	in	Chapter	3,	existing	land	cover	data	sets	for	Africa	variably	and	poorly	classify	croplands	and	urban	areas.	In	part	this	is	due	to	the	heterogeneous	nature	of	much	of	African	croplands,	combined	with	the	inherent	patchiness	of	savannah	ecosystems.	Additionally,	traditional	land	cover	classification	techniques	can	be	expensive,	sometimes	because	the	earth	observation	data	have	to	be	purchased	and/or	more	likely	because	of	specialized	training	and	software	requirements	(Pettorelli,	Safi,	and	Turner	2014).	These	elements	can	pose	significant	challenges	to	conservation	practitioners.	Thus,	I	developed	a	new	tool,	GE	Grids,	to	address	this	shortcoming.	This	free	tool	overlays	an	interactive	binary	grid	on	Google	Earth	data	and	is	the	first	to	create	raster	data	from	this	application	that	can	be	imported	into	GIS	software.	Google	Earth	provides	free	access	to	high-resolution	(<10	m)	imagery	across	the	globe	and	is	easy	to	use.	An	important	difference	of	GE	Grids	from	previous	applications	designed	to	access	Google	Earth	data,	is	that	this	tool	is	the	only	one	that	allows	the	user	to	conduct	their	own	land	cover	classification.		I	used	GE	Grids	in	East	Africa	to	identify	human	land	cover.	I	compared	the	resulting	data	set	with	existing	regional	and	global	land	cover	data	sets	(Figure	3.5).	I	found	~30%	of	the	region	converted	to	human	land	cover,	varying	from	~18%	in	Kenya	to	~85%	in	Burundi	(Table	3.2).	Land	cover	class	agreement	with	my	data	set	varied	widely	between	
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products	and	even	within	products	at	the	country	level	(Table	3.4).	The	highest	resolution	comparative	data	sets	(30	m	or	less)	had	the	best	overlap	with	the	GE	Grids	output.	The	usefulness	of	this	approach	is	demonstrated	by	the	quick	take	up	of	my	data	set:	Masenga	et	al.	(2016)	use	these	new	data	on	cropland	and	urban	area	extents	to	illustrate	how	these	land	cover	types	can	constrain	African	wild	dog	dispersal;	Broekhuis	and	Gopalaswamy	(2016)	use	it	in	estimating	cheetah	densities	in	the	Mara.	I	use	this	layer	as	an	input	into	distribution	modeling	to	ascertain	the	effects	of	human	land	cover	and	various	human	population	densities	on	carnivore	distribution.		The	GE	Grids	tool	has	some	limitations	and	other	caveats.	The	process	requires	manual	identification	of	land	cover	types	and	hence	is	time-consuming	and	best	used	at	smaller	extents	(country	or	smaller).	The	manual	process	also	limits	easy	replication.	Finally,	the	tool	can	be	substantially	improved	by	integrating	access	to	other	high-resolution	earth	observation	data	sets	(like	Bing	imagery),	and	by	increasing	the	number	of	classification	types	that	can	be	designated.		Yet	GE	Grids	did	enable	the	creation	of	a	novel	land	cover	data	set	for	East	Africa.	Despite	the	manual	identification	of	land	cover,	GE	Grids	had	high	reliability	between	users	(83%)	and	from	a	single	user	(95%).	Overall,	the	tool	is	useful	to	validate	existing	land	cover	classifications	or	to	create	unique	classifications	in	situations	that	otherwise	challenge	traditional	automated	classification	techniques.	This	approach	has	the	potential	for	widespread	adoption	among	conservation	practitioners	who	desire	accurate,	and	tailored	information	on	specific	land	cover	classes	in	their	own	study	area.			7.3	 Species	distribution	modeling	and	application	to	large	carnivores	in	East	Africa	SDM	is	an	increasingly	popular	technique	to	study	species’	distributions,	their	drivers,	and	to	explore	ecological	issues	such	as	species	response	to	novel	conditions	such	as	climate	change	(Ahmed	et	al.	2015;	Guillera-Arroita	et	al.	2015).	SDM	can	also	be	used	more	practically	to	assess	habitat	suitability	(Abade,	Macdonald,	and	Dickman	2014b),	prioritize	survey	locations	to	discover	unknown	populations	of	rare	species	(Guisan	et	al.	2006),	and	develop	conservation	recommendations	(Farhadinia	et	al.	2015).	SDM	algorithms	are	almost	exclusively	discriminatory,	relying	on	contrast	data	to	compare	with	species	presence	records.	However,	a	key	barrier	to	effective	SDM	is	the	ongoing	uncertainty	over	the	proper	method	of	selecting	PsA	data	when	true	absences	are	missing.	Numerous	PsA	selection	strategies	have	been	proposed	and	compared	(e.g.	
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Barbet-Massin	et	al.	2012),	although	these	strategies	should	be	viewed	from	an	ecological	as	well	as	statistical	context.		Previous	research	has	established	that	how	PsA	data	are	selected	affects	distribution	model	output	like	spatial	predictions	and	variable	importance	(Chefaoui	and	Lobo	2008;	Stokland,	Halvorsen,	and	Støa	2011;	Merow,	Smith,	and	Silander	2013).	In	Chapter	4,	I	use	five	PsA	selection	strategies	to	demonstrate	how	model	output,	but	more	importantly,	ecological	inference,	differed	in	a	case	study	examining	cheetah	range	decline	in	East	Africa.	I	proposed	two	novel	PsA	selection	strategies	(drawing	PsA	specifically	from	the	resident	or	extirpated	range	of	the	species).	I	found	that	some	proposed	methods	for	PsA	selection	make	little	ecological	sense	and	are	therefore	not	recommended	for	this	purpose.	Comparing	the	method	where	PsA	were	drawn	from	the	full	extent	of	the	study	area	(Full)	and	the	species	extirpated	range	(Extirpated)	provided	a	new	approach	to	explore	the	factors	associated	with	cheetah	presence	and	decline.	In	particular,	comparison	of	the	species	response	curves	allowed	for	unique	insight	into	the	species	response	to	changing	conditions	(Figure	4.5).	Overall,	researchers	should	be	aware	that	the	PsA	selection	process	affects	the	modeling	question,	and	hence	that	PsA	should	be	selected	in	a	way	to	ensure	a	match	between	the	modeling	and	research	questions,	rather	than	maximizing	evaluation	metrics.	Another	important	conclusion	is	that	the	new	Extirpated	method	makes	use	of	expert-based	mapping	processes	and	presence	data,	data	widely	available	for	many	species,	and	is	effective	in	mapping	range	decline.	In	Chapter	5,	I	explored	range	decline	for	four	large	carnivores	(cheetah,	African	wild	dog,	leopard,	lion)	in	East	Africa	using	two	PsA	selection	strategies	from	the	previous	chapter	that	best	matched	this	research	question,	and	paired	them	with	a	new	method.	With	these	three	PsA	strategies,	I	tested	three	predictions:	1)	increasing	human	populations	densities	and	percentage	of	human	land	cover	threaten	large	carnivore	persistence,	2)	carnivores	with	larger	home	ranges	are	more	susceptible	to	habitat	loss	than	those	with	smaller	home	ranges	(specifically,	cheetahs	are	most	vulnerable,	and	leopards	are	least	vulnerable)	and	3)	human	land	cover	is	a	more	important	restriction	on	carnivore	distributions	than	human	population	density.		Modeling	results	supported	all	three	predictions.	Increasing	human	populations	and	human	land	cover	threaten	large	carnivore	persistence	as	demonstrated	by	uniform	and	strongly	negative	species’	response	curves	(Figure	5.6).	In	addition,	human	land	cover	restricted	carnivore	distributions	to	a	greater	degree	than	human	population	density,	as	it	was	almost	universally	the	most	important	predictor	for	all	species	and	PsA	selection	
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strategies	(Table	5.8).	Prediction	2	was	largely	supported	as	well:	cheetahs,	with	the	largest	home	range,	and	leopards,	with	the	smallest	home	range,	were	the	most	and	least	susceptible	to	increases	in	human	land	cover,	respectively	(Figure	5.7).	In	some	contradiction	to	the	prediction,	lions	with	smaller	home	ranges	than	either	the	wild	dog	or	cheetah,	had	similar	susceptibility	to	human	land	cover	as	the	cheetah.		The	novel	PsA	selection	strategies	allowed	me	to	test	several	hypotheses,	but	they	also	have	some	practical	limitations.	In	some	cases,	only	one	or	a	few	PsA	options	may	be	appropriate,	as	they	are	dependent	on	the	research	aim.	In	addition,	large	carnivores	distribution	is	relatively	well	known	which	enables	PsA	to	be	drawn	from	their	historical	distribution	or	parts	thereof	(such	as	former	habitat)	and	for	spatial	predictions	to	be	evaluated	against	existing	range	maps.	However,	for	some	species	of	concern,	historic	or	current	distributions	are	poorly	known	if	at	all.		The	general	recommendation	for	a	standard	SDM	estimating	a	species	distribution	is	to	draw	PsA	from	a	tight	buffer	around	the	historical	range	of	a	species	while	including	areas	potentially	reachable	by	dispersal	(VanDerWal	et	al.	2009;	Elith	et	al.	2011;	Merow,	Smith,	and	Silander	2013).	Yet,	selecting	PsA	only	from	the	extirpated	range	of	a	species,	as	proposed	in	Chapter	4,	means	that	a	full	response	curve	for	biophysical	variables	is	unlikely.	Samples	are	only	taken	from	within	part	of	the	species	range,	hence	the	full	range	of	tolerated	environmental	conditions	are	not	encountered	(Austin	2007).	However	this	is	similarly	true	for	studies	conducted	at	smaller	extents	than	the	historical	distribution	of	the	species	(i.e.	an	extent	determined	by	a	political	boundary).	The	importance	of	this	on	model	conclusions	requires	further	study.		In	addition,	although	comparing	results	from	different	PsA	strategies	can	be	useful,	the	outputs	of	distribution	models	using	PsA	data	have	low	information	content	(Guillera-Arroita	et	al.	2015).	Models	using	presence-absence	records	or	occupancy	data,	neither	of	which	rely	on	PsA	data,	enable	distribution	models	to	estimate	true	relative	likelihood	of	occurrence,	and	probability	of	occurrence.	Without	absences,	prevalence	cannot	be	determined,	and	hence	models	using	PsA	do	not	predict	probability	of	occurrence,	but	the	relative	likelihood	of	species	observation.	This	means	that	the	model	does	not	give	actual	probability	of	occurrence,	only	the	probability	of	occurrence	relative	to	the	survey	effort.	Thus,	these	approaches	cannot	differentiate	between	a	rare	species	that	is	well	surveyed	or	a	common	species	that	is	under-surveyed.	In	some	applications,	such	as	estimation	of	species	richness,	higher	information	content	outputs	are	necessary	(Guillera-Arroita	et	al.	2015).		
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Overall,	Chapters	4	and	5	together	demonstrate	the	importance	of	considering	PsA	selection	strategies	from	an	ecological	perspective,	how	different	strategies	affect	the	modeling	question,	and	that	the	modeling	and	research	question	should	be	matched.	This	is	true	of	any	modeling	yet	has	rarely	been	acknowledged	in	the	SDM	literature.	The	modeling	approach	developed	here	i.e.	comparing	alternative	PsA	selection	strategies	for	the	same	species,	is	novel	and	provided	some	insight	into	applying	SDMs	more	generally.	The	different	strategies	largely	reaffirmed	support	for	the	ecological	conclusions	and	contrasting	response	curves.	Different	strategies	provided	additional	insight	into	species’	response	to	changing	conditions.	Finally,	of	potential	broad	interest,	I	found	that	training	models	with	PsA	from	former	habitat	led	to	more	accurate	predictions	of	current	habitat.	Researchers	could	apply	these	techniques	more	widely	to	other	species	of	concern.			7.4	 Spatial	risk	modeling	case	study	with	depredation	records	Human	actions	can	and	do	negatively	impact	wildlife.	But	human	actions	can	also	be	neutral	or	positive.	Real	or	perceived	HWC	can	affect	human	attitudes	and	actions	toward	wildlife,	potentially	leading	to	direct	persecution	of	wildlife	(Hazzah	et	al.	2013;	Dickman	and	Hazzah	2016).	Direct	take	or	killing	of	wildlife	is	a	leading	threat	to	carnivores	(Ripple	et	al.	2014).	Better	understanding	of	the	drivers	of	HWC,	and	amelioration	of	its	impacts	may	engender	more	positive	attitudes	and	actions	towards	wildlife	(Dickman	et	al.	2014).	In	that	context,	researchers	are	increasingly	applying	discriminatory	distribution	models	to	a	range	of	HWC	data	to	create	spatial	risk	models	and	identify	drivers	for	things	like	carnivore	attacks	on	livestock,	or	crop	raiding.		Depredation	risk	models	have	the	potential	to	ameliorate	conflict	if	predictors	of	conflict	are	understood	and	spatial	hotspots	of	conflict	can	be	identified	and	avoided	by	livestock.	Yet,	two	key	aspects	identified	in	the	larger	SDM	literature	have	largely	been	neglected	when	applied	to	HWC	data.	These	aspects	are	the	initial	consideration	of	biological	and	environmental	factors	that	relate	to	the	research	aim,	and	the	selection	of	the	background	extent.	I	discuss	these	issues	in	Chapter	6	in	the	context	of	providing	an	improved	framework	for	conducting	spatial	risk	modeling.		Conclusions	from	depredation	risk	models	may	be	obfuscated	or	degraded	when	ecological	factors	that	can	impact	the	research	aim	are	unaccounted	for.	Within	the	SDM	literature,	researchers	have	noted	that	characteristics	such	as	gender	(Conde	et	al.	2010),	season	(Takahata	et	al.	2014),	or	if	the	individual	is	resident	or	dispersing	(Jackson	et	al.	
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2016)	can	influence	habitat	modeling	outcomes.	I	demonstrate	that	these,	and	similar,	issues	can	affect	results	of	spatial	risk	modeling	using	a	case	study	of	livestock	depredations	in	northern	Tanzania.	For	instance,	modeling	outputs	for	location,	season,	and	livestock	were	significantly	and	substantially	different	when	accounting	for	these	factors	(e.g.	Tables	6.3	and	6.4).	Overall,	I	argue	that	before	conducting	a	spatial	risk	model,	researchers	should	consider	a	number	of	factors	that	may	relate	to	the	research	aim	(e.g.	location,	livestock	species;	Table	6.1).		Drawing	on	conclusions	from	Chapter	4,	I	also	demonstrate	the	necessity	of	drawing	a	tight	background	extent	to	exclude	areas	where	livestock	and	carnivores	do	not	intersect.	There	are	similar	warnings	regarding	the	analysis	extent	in	the	broader	SDM	literature	(Phillips	et	al.	2009;	VanDerWal	et	al.	2009),	as	well	as	in	the	field	of	crime	science	(Ratcliffe	2010).	When	PsA	are	drawn	from	areas	where	carnivores	and	livestock	do	not	interact,	this	affects	the	contrast	between	areas	where	carnivores	could,	and	areas	where	carnivores	ultimately	do,	predate	on	livestock.	A	model	with	an	extent	much	larger	than	the	interaction	zone	between	carnivores	and	livestock	will	emphasize	broad-scale	features	and	downplay	fine-scale	features	that	contribute	to	depredation	risk.	Ultimately,	the	research	aim	should	be	carefully	matched	to	the	modeling	question,	which	in	turn	determines	the	choice	of	extent,	whether	any	regions	should	be	masked	out,	and	how	PsA	are	drawn.		Separately,	I	demonstrate	that	carnivores	attack	livestock	in	“risky”	habitats	(Appendix	6A).	Many	carnivores	are	known	to	select	habitat	for	hunting	according	to	prey	accessibility	rather	than	prey	abundance	(Hopcraft,	Sinclair,	and	Packer	2005;	Balme,	Hunter,	and	Slotow	2007).	Certain	terrain,	biotic,	or	human	factors	can	influence	prey	accessibility;	the	presence	of	a	ravine	or	dense	vegetation	may	decrease	a	predator’s	chance	of	detection,	and	decrease	the	prey’s	ability	to	escape	once	the	predator	has	been	detected	(Laundré,	Hernández,	and	Ripple	2010).	Although	probability	of	attack	decreased	strongly	with	increasing	tree	cover	overall	(Figure	6.5),	probability	of	attack	increased	strongly	as	the	amount	of	local	tree	cover	increased	relative	to	the	surrounding	area	(Figure	6.12).	In	addition,	for	carnivores	to	coexist	with	humans,	they	must	have	refuges	where	they	can	hide	from	humans	and	domestic	animals	(Oriol-Cotterill	et	al.	2015b).	These	refuges,	in	space	and	time,	should	be	areas	where	humans	infrequently	visit	or	where	chance	of	detection	is	lower.	Indeed,	some	of	the	characteristics	that	make	it	a	good	refuge	may	also	make	prey	more	accessible.	Thus,	it’s	possible	that	during	the	day	when	humans	and	domestic	animals	are	present	on	the	landscape,	that	most	carnivores	retreat	to	refuges	and	that	the	same	factors	that	make	it	a	good	refuge	may	
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also	improve	the	chances	of	a	successful	hunt.	Thus,	these	areas	are	doubly	important	to	avoid	as	humans	and	livestock	move	and	graze	on	the	landscape.			7.5	 Some	common	challenges	Various	limitations	and	caveats	have	been	discussed	within	each	chapter.	However,	there	are	some	common	challenges	and	issues,	particularly	regarding	SDM,	that	reoccur	in	several	chapters	and	these	are	summarized	here.		Data	limitations	for	both	distribution	and	conflict	models	are	an	obvious	issue.	For	instance,	accurate	geospatial	information	on	prey,	competitor	and	livestock	densities	would	have	been	useful.	Although	NDVI	was	used	as	a	proxy	for	prey	densities,	substantial	poaching	occurs	throughout	East	Africa	reducing	prey	(and	carnivore)	densities	below	carrying	capacity	(Lindsey	et	al.	2013;	Bauer	et	al.	2015;	Rentsch	and	Packer	2015).	More	accurate	estimates	of	prey	densities,	although	rarely	available,	should	improve	habitat	suitability	modeling.	Incorporating	competitive	effects	into	SDM	is	also	recommended	(Austin	2002;	Araújo	and	Guisan	2006).	I	tested	the	inclusion	of	the	lion	distribution	model	into	the	wild	dog	model	but	the	results	did	not	agree	with	biological	knowledge	and	I	suspect	the	competitive	effects	are	more	dynamic	and	local	than	I	could	model.	Finally,	geospatial	information	on	livestock	densities	could	also	enhance	habitat	suitability	modeling	as	an	indication	of	the	intensity	of	pastoralist	impacts.	Of	course,	livestock	densities	and	movement	patterns,	and	the	location	of	all	livestock	corrals,	would	also	be	helpful	in	spatial	risk	modeling.		Another	consistent	limitation	was	the	lack	of	high-resolution	environmental	data	for	the	distribution	modeling	chapters.	Although	many	data	sets	were	at	250	m	resolution	or	better	(e.g.	MODIS,	Worldpop,	elevation),	the	lowest	resolution	data	sets	often	set	the	grain	of	the	analysis.	These	data	include	WorldClim	(30	arc	seconds)	and	ISRIC-WISE	soil	grids	(1	km).	Additionally,	the	GE	Grids	product	was	also	at	a	coarser	grain	(0.01	degree),	although	I	set	this	resolution	as	a	balance	between	resolution	and	the	extent	of	the	analysis	(~1.7	million	km2).	I	would	have	preferred	to	conduct	GE	Grids	at	around	500	m	resolution	as	that	would	have	better	captured	heterogeneous	croplands.	I	did	not	do	this	as	it	would	have	increased	the	number	of	grids	fourfold	and	greatly	increased	the	time	required.	The	spatial	risk	modeling	was	analyzed	at	a	250	m	grain;	a	resolution	closer	to	100	m	or	smaller	would	likely	improve	results.	Stalking	distances	of	leopards	(Bothma,	van	Rooyen,	and	le	Riche	1997)	and	cheetah	(Schaller	1968)	are	generally	<100	m,	and	
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for	some	lions	are	only	~30	m	(Stander	1992).	Thus,	geospatial	information	at	these	scales	on	vegetation	and	topography	is	important	in	studying	hunting	behavior.		More	fine-scale	information	on	the	species/conflict	data	would	have	been	useful	too.	For	instance,	biological	knowledge	like	whether	occurrence	data	represented	transient	or	resident	animals,	adults	or	juveniles	etc.	Information	on	whether	a	sighting	included	dependent	young	would	have	enabled	more	confident	identification	of	permanent	carnivore	range.	Additionally,	if	a	sighting	represented	a	transient	individual,	then	that	data	point	could	have	been	down-weighted	or	removed	from	the	analysis	to	better	capture	permanent	or	resident	range.	If	enough	transient	data	had	been	gathered,	I	could	have	compared	habitat	selection	between	transient	and	resident	individuals	and	consequently	model	habitat	corridors	for	dispersal	(Elliot	et	al.	2014b;	Jackson	et	al.	2016).	Similarly,	if	a	transient	(or	dispersing)	individual	was	responsible	for	a	depredation	event,	this	could	have	allowed	analysis	into	the	relative	threats	of	resident	vs.	transient	animals.	Obtaining	high	spatial	and	temporal	resolution	movement	data	on	carnivores	and	livestock	within	the	same	vicinity	is	likely	to	be	substantially	more	difficult.	However,	if	carnivores	and	livestock	herds	were	tracked,	this	would	provide	insight	into	what	turns	interactions	deadly	(see	Laporte	et	al.	2010	and	Muhly	et	al.	2010).			Additional	geospatial	data	on	reproductive	and	mortality	events	could	have	also	enhanced	understanding	of	the	predictors	of	carnivore	persistence	and	decline.	These	data	are	more	directly	relevant	to	determining	whether	an	area	is	a	population	source	or	sink,	and	ultimately	what	types	of	areas	achieve	stability.	For	instance,	De	Angelo	et	al.	(2013)	designed	“two-dimensional”	distribution	models,	one	considering	habitat	suitability	and	the	other	survival	(aka	threats).	They	then	spatially	compared	these	models	and	divided	the	study	area	into	four	categories	based	on	(Naves	et	al.	2003):	attractive	sinks,	sinks,	core	areas,	and	refuges.	This	process	enabled	them	to	prioritize	where	interventions	were	necessary	to	prevent	population	declines.		These	additional	data	would	of	course	be	useful	in	suitability	modeling	of	the	large	carnivores,	but	in	some	sense,	simulated	data	with	a	virtual	species	could	have	been	more	appropriate	to	demonstrate	the	importance	of	the	study	extent	and	method	of	PsA	selection	(such	as	Barbet-Massin	et	al.	2012).	The	species	presence	data	suffered	from	sample	selection	bias	and	unknown	prevalence.	However,	using	a	real	species	does	not	detract	from	the	conceptual	arguments	about	PsA	generation	strategies,	and	may	have	enabled	greater	insight,	as	it	has	a	known	ecology.		
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Overall,	finer-scale	data	could	lead	to	modeling	that	better	identifies	mechanisms,	e.g.	mechanisms	behind	depredation	risk	or	habitat	selection.	Yet,	modeling	at	larger	extents	can	also	be	valuable	in	terms	of	being	easier	to	apply	and	results	that	are	more	directly	related	to	management.	This	suggests	that	the	real	need	for	distribution	modeling	at	the	extent	of	East	Africa	may	be	more	accurate	and	relevant	geospatial	predictors	rather	than	more	resolved	data.	On	the	other	hand,	more	fine-scale	and	accurate	predictors	would	be	valuable	in	understanding	the	mechanisms	behind	depredation	risk	in	northern	Tanzania.	Further	work	using	more	geographically	dispersed	depredation	records	could	provide	more	useful	management	recommendations	regarding	depredation	risk	at	larger	extents.			7.6	 Next	research	steps		While	overcoming	some	of	the	data	limitations	listed	above	may	prompt	a	fresh	look	into	the	analysis,	there	are	many	other	ways	to	move	forward.	Some	are	more	immediate,	and	others	broader	and	more	long-term.		There	are	a	number	of	potential	next	steps	for	the	carnivore	distribution	modeling:	
• Wrogemann	(1975)	compiled	a	list	of	cheetah	sightings	in	East	Africa	from	1955-1964.	Running	a	distribution	model	from	that	time	period	and	comparing	it	to	the	contemporary	model	could	provide	more	insight	into	how	the	cheetah	niche	has	changed	over	time	particularly	in	relationship	to	the	expansion	of	human	populations.		
• For	all	carnivores,	running	a	series	of	distribution	models	under	future	climate	and	land	use	scenarios	would	help	estimate	potential	changes	in	habitat	suitability	and	hence	provide	an	understanding	of	persistence.		
• For	all	carnivores,	exploring	the	transferability	of	the	models	to	other	parts	of	their	range,	either	in	part	or	to	all	of	Africa.	There	are	few	existing	distribution	models	for	these	species	in	East	Africa	or	other	parts	of	their	range.	Transferring	the	existing	model	to	new	areas	and	evaluating	its	appropriateness	could	provide	insight	into	how	conditions	may	differ	between	regions	and	the	generality	of	the	model.		
• Using	new	presence	data	(after	2015),	or	presence	data	from	different	sources	(i.e.	iNaturalist)	as	evaluation	data.		
	 	 Chapter	7:	General	discussion		
		Page	|	249	
• Creating	a	mechanistic	niche	model	by	incorporating	physiological	data	(Kearney	and	Porter	2009).	This	may	allow	improved	predictions	into	novel	conditions,	and	provide	better	insight	into	predictors	affecting	persistence	or	decline.		For	spatial	risk	modeling,	potential	next	steps	include:	
• Gather	fine-scale	environmental	layers	and	re-running	the	SDM	analysis	using	a	different	and	improved	subset	of	predictors	such	as:	land	cover	and	vegetation,	elevation	and	topography,	livestock	movement	and/or	densities,	locations	of	all	bomas/corrals,	an	improved	roads	data	set,	and	prey	densities	and	distribution.	Or	if	some	of	these	are	not	available,	then	evaluating	and	incorporating	useful	proxy	data	sets.		
• Developing	a	collaborative	initiative	with	other	conservation	organizations	to	establish	a	regional	HWC	database	for	East	Africa	and	running	a	regional	spatial	risk	model.		
• Investigate	incorporating	carnivore	habitat	suitability	output	as	an	input.		
• Comparing	results	of	spatial	association,	interpolation,	and	correlative	distribution	modeling	methods.		
• Evaluating	the	results	regarding	attacks	in	risky	habitats	by	splitting	pasture	conflicts	by	time	of	day,	and	checking	the	sensitivity	of	the	results	by	comparing	with	different	vegetation	data	sets	and	scales.		
• Investigate	the	effectiveness	of	different	methods	used	to	prevent	livestock	depredation.		A	broader	issue	that	warrants	much	greater	attention	is	how	carnivores	adapt	to	human-dominated	landscapes.	Clearly	both	social	(including	legal	and	political)	as	well	as	environmental	perspectives	should	be	addressed.	Many	carnivores	are	habitat	generalists	and	quite	flexible	in	their	habits	and	dietary	requirements.	Large	carnivores	are	returning	in	many	parts	of	Europe	(Chapron	et	al.	2014).	This	suggests	that	adaptation	to	alternative	habitats	is	possible	and	therefore	human	land	cover	may	be	a	relatively	less	important	threat	for	generalist	carnivores	in	developed	economies	(Nowell	and	Jackson	1996).	Mech	(1995)	captures	this	issue	when	he	describes	how	gray	wolves	were	initially	characterized	as	creatures	of	the	wilderness.	He	compiled	multiple	research	articles	that	suggested	wolves	could	only	live	in	areas	with	road	densities	lower	than	0.6	km	per	km2.	This	supposed	threshold	was	used	for	management	purposes	but	was	repeatedly	revised	and	raised	until	wolves	were	found	to	venture	within	30	miles	of	a	major	metropolitan	
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area	in	the	US.	There	appears	to	be	a	similar	story	for	the	Eurasian	lynx,	as	they	have	increasingly	tolerated	and	included	human	land	cover	into	home	ranges	(Basille	et	al.	2009;	Bouyer	et	al.	2014;	Bouyer	et	al.	2015).	While	habitat	loss	is	frequently	cited	as	a	threat	to	carnivore	species,	it	appears	what	actually	constitutes	habitat	loss	is	not	very	well	understood.	In	light	of	that	Bouyer	et	al.	(2014)	recommend	trying	to	determine	tolerance	limits	of	carnivores	to	human	impacts.	But	this	must	be	carefully	done	so	as	to	not	repeat	the	problems	characterized	in	Mech’s	wolf	storyline.		A	broader	issue	regarding	SDM	is	understanding	and	quantifying	the	potential	impact	of	violating	the	assumption	that	species	are	in	equilibrium	with	their	environment.	This	is	one	of	the	fundamental	assumptions	of	SDM	(Franklin	2009;	Elith	and	Leathwick	2009).	This	is	mostly	considered	an	issue	when	using	models	for	extrapolation	purposes,	e.g.	species	invasion	(Elith	and	Leathwick	2009).	Yet,	some	have	suggested	we	are	in	the	6th	mass	extinction	event	(Ceballos	et	al.	2015)	and	a	new	geologic	epoch,	the	Anthropocene	(Crutzen	2002),	due	to	pervasive	human	influences	across	the	globe.	Very	few	species’	distributions	have	not	already	been	constrained	or	undergone	recent	changes	due	to	human	activity.	Thus,	current	presence	data	are	already	biased	by	human	impacts	on	species	and	habitats	and	I	believe	this	is	not	simply	an	issue	when	using	SDM	for	extrapolation	as	suggested	in	the	literature	(Elith,	Kearney,	and	Phillips	2010).	So	if	we	have	already	violated	the	equilibrium	assumption,	to	what	extent	does	that	affect	the	meaning	of	the	SDM	output?	For	instance,	applying	a	distribution	model	using	contemporary	locations	of	mature	redwood	trees	is	not	likely	to	be	very	appropriate	(or	useful),	as	conditions	have	changed	substantially	since	they	sprouted	a	thousand	or	more	years	ago.	Although	that	may	be	an	extreme	case,	the	broader	issue	is	to	what	extent	this	may	be	true	for	all	(or	nearly	all)	species.	A	potential	solution	would	be	to	only	model	areas	where	reproduction	is	occurring	as	a	sign	of	current	suitability.	However,	even	in	this	case,	reproduction	may	occur	in	areas	that	are	“attractive	sinks”	(Delibes,	Gaona,	and	Ferreras	2001).	Thus	predictions	of	suitability	must	be	interpreted	carefully.	Similarly,	researchers	often	apply	distribution	models	at	an	extent	smaller	than	the	full	historical	extent	plus	areas	reachable	by	dispersal,	such	as	e.g.	a	political	unit.	In	these	cases,	the	models	are	fundamentally	not	investigating	the	distribution	of	the	species,	but	rather	something	akin	to	occupancy	or	habitat	suitability.	If	it	is	occupancy	that	is	being	modeled,	then	this	suggests	that	only	particular	data	and	methods	are	appropriate	for	modeling	occupancy	rather	than	the	realized	niche.			
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7.7	 The	conservation	context	&	recommendations	This	research	has	generated	a	number	of	results	and	insights	that	can	be	directly	linked	to	conservation.	While	some	of	these	conservation	recommendations	were	not	explicitly	tested	or	evaluated,	they	complement	the	results	of	this	dissertation.	The	audience	for	these	recommendations	includes	NGOs,	governmental	entities,	and	private	citizens/communities.	Initially,	I	highlight	a	number	of	recommendations	before	returning	to	a	more	nuanced	description	of	them.	The	recommendations	fall	under	three	broad	categories,	land	use	planning,	management	&	interventions,	and	biological	surveys:	
• Land	use	planning:	
o Set	up	land	use	plans	at	the	regional	or	national	level	to	allow	for	growing	human	populations	and	expanding	anthropogenic	land	uses	while	minimizing	isolation	of	protected	areas	and	wildlife	populations.		
o Enforce	land	use	plans	at	the	village	level	to	designate	conservation	areas	and	grazing/forest	banks.		
o Assist	in	obtaining	legal	land	rights,	with	a	focus	on	communal	ownership	in	pastoral	systems.		
o Disincentive	sedentarization	within	pastoral	landscapes.	
o Immediately	move	to	identify	and	protect	remaining	wildlife	corridors	from	land	use	conversion.	
o Consider	establishment	of	additional	protected	areas	where	carnivore	suitability	is	high	and	current	levels	of	land	use	conversion/natural	resource	extraction	is	negligible.		
• 	Management	and	interventions:	
o Promote	traditional	forms	of	pastoralism	that	allow	seasonal	movement	of	livestock,	healthy	grazing	lands,	and	maintain	prey	populations	and	areas	of	dense	vegetation.		
o Seek	to	better	understand	depredation	risks	and	implement	effective	HWC	mitigation	efforts	at	larger	extents.	
o Secure	protected	areas	from	illegal	encroachment	and	poaching.	
• Biological	surveys:	
o Survey	areas	of	high	carnivore	suitability	outside	areas	of	known	range	to	document	if	populations	exist	and	ultimately	better	protect	them.	
o Survey	areas	within	known	carnivore	range	that	are	identified	as	under	severe	threat	to	check	their	status,	and	move	to	protect	them	if	feasible.		
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	Africa’s	human	population	was	less	than	a	quarter	of	a	billion	people	in	1950	(229	million),	but	has	increased	rapidly.	By	2013,	Africa’s	human	population	was	1.1	billion,	and	by	2050	is	expected	to	rise	to	between	2.1	and	2.7	billion	(UN	2013).	That	is	a	near	10-fold	expansion	in	100	years.	In	the	coming	decades,	East	Africa	will	change	dramatically	with	the	populations	of	Burundi,	Tanzania	and	Uganda,	projected	to	quintuple	between	2000	and	2100	(UN	2013).	Pressure	on	natural	resources,	including	wildlife,	will	be	immense.	Already	nearly	30%	of	the	terrestrial	land	surface	in	East	Africa	has	been	converted	to	human-dominated	land	cover,	and	this	is	approaching	90%	in	Burundi	and	Rwanda	(Table	3.2).		In	contrast,	East	Africa	contains	over	100	terrestrial	PAs	(excluding	Forest	Reserves	and	Wildlife	Management	Areas	which	have	some	of	the	least	protection),	which	cover	14.4%	of	the	terrestrial	land	surface	(Jason	Riggio	et	al.	unpublished	data).	In	some	countries,	like	Tanzania,	the	percentage	is	higher	at	just	over	20%.	This	nearly	meets,	and	in	some	cases	exceeds	the	Aichi	Biodiversity	Target	11	of	protecting	17%	of	land	by	2020.	While	PAs	could	be	better	placed	to	protect	overall	biodiversity	(i.e.	small-ranged	or	endemic	species),	the	PA	system	is	extensive,	includes	significant	populations	of	threatened	and	endangered	species	(ibid.),	and	substantial	areas	of	important	carnivore	habitat.	To	this	point	the	system	has	largely	been	effective	in	preventing	encroachment,	although	it’s	been	less	effective	in	protecting	wildlife	populations.	Therefore,	as	human	pressures	increase	in	the	coming	decades,	maintaining	the	integrity	and	increasing	the	resilience	of	the	PA	system,	in	large	part	by	preventing	poaching	and	illegal	encroachment,	will	be	critical.		The	effectiveness	of	PAs	for	protecting	species	and	habitat	can	be	influenced	by	activities	outside	of	them.	Edge	effects	via	interaction	with	people	and	domestic	animals	can	threaten	wildlife	populations	and	thereby	undermine	the	effectiveness	of	PAs.	In	many	cases,	human-caused	mortality	is	the	single	largest	cause	of	mortality	for	carnivore	populations	in	PAs	(Woodroffe	and	Ginsberg	1998).	An	ongoing	challenge	for	PAs	is	to	help	redistribute	their	economic	benefits	to	local	communities	to	offset	costs	of	restricted	access	to	natural	resources	(Naughton-Treves,	Holland,	and	Brandon	2005).	But	strong	economic	performance	can	in	turn	cause	higher	rates	of	immigration	than	in	the	surrounding	areas	(Wittemyer	et	al.	2008).	Increased	population	and	development	can	cause	the	complete	isolation	of	PAs.	Increasing	‘hard’	edges	between	PAs	and	human-dominated	lands	can	turn	historical	wildlife	movement	patterns	into	incursions	of	crop	
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and	village	land,	and	ultimately	precipitate	proposals	to	fence	the	PA.	Fencing	can	solve	some	issues	(such	as	wildlife	wandering	into	crop	or	pasture	lands)	while	causing	a	potentially	larger	suite	of	issues	(Woodroffe,	Hedges,	and	Durant	2014).	Maintaining	corridors	to	preserve	genetic	connectivity	of	PAs	is	essential	and	preserving	existing	ones	is	easier	than	attempting	to	restore	connections	after	they	have	been	lost.	An	additional	challenge	posed	by	the	insularization	of	PAs	is	that	for	some	wide-ranging	species	such	as	cheetah	and	wild	dog,	even	the	largest	PAs	in	the	region	cannot	contain	viable	populations.	Predator-proof	fencing	can	cause	particular	challenges	for	species	like	these	(Durant	et	al.	2015).		Yet,	in	some	sense,	wide-ranging	carnivores	and	herbivores	that	may	be	most	affected	by	fencing	are	also	some	of	the	most	‘deserving’.	These	mobile,	conflict-causing	wildlife	species	are	more	likely	to	go	extinct	than	those	with	smaller	home	ranges	due	to	increased	interaction	with	humans	(Woodroffe	and	Ginsberg	1998).	Thus,	in	the	absence	of	fencing,	preventing	and	mitigating	HWC	will	be	essential	in	buffer	areas	and	habitat	corridors.	Innovative	solutions	are	needed	to	reduce	the	impacts	of	crop	raiding,	carnivore	depredations	and	other	negative	effects	from	wildlife	(but	see	Dickman,	Macdonald,	and	Macdonald	2011).	A	suite	of	activities	are	often	used	to	change	opinion	and	ultimately	behavior	toward	wildlife	(see	Tanzanian	and	Kenyan	NGOs	like	the	Tanzania	People	and	Wildlife	Fund,	Ruaha	Carnivore	Program,	and	Ewaso	Lions).	Effective	organizations	blend	education	and	raising	awareness,	with	activities	that	increase	benefits	(economic	or	otherwise),	and	decrease	costs	of	living	with	wildlife,	to	spur	attitude	and	behavior	change.	Ultimately	the	communities	living	with	wildlife	must	see	the	value	in	tolerating	wildlife	so	that	every	encounter	with	an	animal	does	not	turn	into	“conflict.”		Mitigating	HWC	will	be	essential	for	species	like	cheetah	because	PAs	are	too	small	to	maintain	viable	populations.	Even	compared	to	other	wide-ranging	carnivores	like	the	lion,	cheetah	and	wild	dog	tend	to	live	at	densities	~	1/10th	that	of	lions,	hence	requiring	much	larger	areas	to	achieve	similar	population	sizes	(Durant	2007).		In	reality,	all	of	the	large	carnivores	discussed	here	may	be	termed	protection-reliant	(Durant	et	al.	2016).	Protection-reliant	species	are	already	threatened	but	face	additional	threats	because	a	substantial	portion	of	their	population	persists	outside	PAs	where	threat	is	higher.	Thus,	while	PAs	may	hold	substantial	populations,	conservation	for	protection-reliant	species	should	emphasize	improving	growth	rates	in	unprotected	landscapes,	e.g.	minimizing	edge	effects.	This	entails	promoting	coexistence,	and	managing	human	development	and	activities	in	an	efficient	manner.	Zoning	can	be	
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effective	such	that	particular	activities	can	be	included/excluded	from	an	area,	and	that	residents	have	realistic	expectations	about	interactions	with	wildlife.	Buffer	zones	and	corridors	around	PAs	could	be	zoned	for	pastoralism	and	programs	alleviating	HWC	for	instance	can	be	concentrated	to	have	the	greatest	impact.	Broadly	speaking,	programs	that	maintain	traditional	pastoral	systems,	and	prevent	sedentarization	and	subdivision	of	grazing	lands,	are	also	critical.	With	the	astounding	population	projections,	planning	for	growth	will	be	foundational	to	preserving	PA	integrity,	maintaining	wildlife	populations,	and	preventing	their	isolation.			
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